This is the fifth article of a series on fundamental concepts in biostatistics and research. In this article, the author reviews the fundamental concepts in diagnostic testing, prior probability and predictive value, and how they relate to the concept of high-value care. The topics are discussed in common language with a minimum of jargon and mathematics. Emphasis is given to conceptual understanding. A companion article preceding this one focused on sensitivity and specificity.
T he term high-value care encompasses the minimization of unnecessary costs and testing, and the maximization of quality. High-value care requires the healthcare provider to perform tests judiciously. A general concept in high-value care is that a diagnostic test discriminates most efficiently between disease and nondisease when the likelihood 1 of disease approximates 50% (1). As we move away from that intermediate point, the test tends to add less value and increases the number of false positive (FP) and false negative (FN) results. Patterns of testing associated with high numbers of incorrect results increase cost unnecessarily and may result in harms such as misdiagnosis and missed diagnosis.
Prior likelihood of disease
Judicious testing requires the ordering practitioner to consider the likelihood of disease in the presenting patient. Such judgment requires the assessment of multiple factors, such as prevalence of the disease in the population and in the patient's ethnic group or gender. Similarly, signs and symptoms associated with the disease increase the probability of disease. After assessing all relevant factors, the ordering practitioner establishes or intuits a pretest probability of disease. For a few diagnoses, research has documented clear guidelines for approximating a numerical pretest probability of disease based on various factors (2Á4). However, in the vast majority of cases, one must settle for placing a patient into one of the three categories: high, low, or intermediate probability of disease. Although not well defined, intermediate probability suggests a likelihood of disease between 30 and 70% (Fig. 1) . Similarly, screening test recommendations take into consideration the likelihood of disease. For example, the United States Preventative Services Task Force advocates many screening tests based upon the presence or absence of risk factors.
Testing in patients with high, low, and intermediate likelihood of disease
The practitioner's initial assessment of likelihood of disease should drive testing. Tests should be considered tools that assist in further defining the initial approximation of disease, particularly when the pretest probability of disease is moderate. In the face of intermediate pretest probability of disease, strategic testing is utilized to push the approximation of disease in one direction or the other. For example, a person with a 60% likelihood of disease may be submitted to testing. A positive test result may move the approximation to 80% warranting further investigation. On the contrary, a negative result might move the approximation to 40%. Based on factors such as the morbidity of the disease under consideration and the availability of an effective intervention, the clinician must make a decision if further testing or treatment is warranted. 1 Pretest probability, prior probability, and prior likelihood of disease all refer to approximations of the likelihood of disease posited before testing results are considered.
However, the utility of testing tends to be low when there is a high or low pretest likelihood of disease. In these scenarios, testing only minimally affects the initial approximation. Therefore, patients with high or low pretest likelihood of disease may not benefit from testing. Testing in these patients tends to confirm the obvious when consistent with the practitioner's initial assessment. When the result is contrary to the initial assessment, there is an increased risk that the practitioner is facing an FP or FN test result. In this situation, the common response is more (unnecessary) testing, increasing the risk related to possible invasive tests and the costs, worry and expenditure of time resulting from further evaluation.
Sensitivity and specificity
In making a decision to order a test, the diagnostician must consider its sensitivity and specificity. A test's performance is evaluated in terms of its predictive accuracy in patients with and without disease. The performance of the test in one group is independent of its performance in the other group. Sensitivity is a measure of how well the test predicts positive in persons with disease, whereas the specificity predicts how well it predicts negative in persons without disease (5) . The significance of a positive (or negative) test result can be predicted based on the 1) sensitivity, 2) specificity, and 3) pretest probability of disease. Figure 2 demonstrates the results of testing in an intermediate likelihood of disease with relatively high sensitivity and specificity. In such a situation, positive and negative results tend to be accurate.
Positive results and the test threshold
While some tests are qualitative and report as positive or negative, other diagnostic tests are associated with a threshold value (cut-point) to define a positive result for a quantitative value. The clinician interprets the result. For example, a fasting glucose of 126 mg/dL and a hemoglobin A1C of 6.5% are commonly used as thresholds of positivity for the diagnosis of type 2 diabetes mellitus (Fig. 3) . However, knowing a threshold value alone, without a knowledge of pretest probability and test performance characteristics, does not allow the clinician to fully assess the results.
Interpreting a positive or negative result
After considering the pretest probability of disease and the performance of the test in the disease population (sensitivity) and the non-disease population (specificity), the clinician may predict the likelihood of each of the four possible results: true positive (TP), false positive (FP), true negative (TN), and false negative (FN). The positive predictive value (PPV) defines the likelihood that a positive test result truly represents disease. The negative predictive value (NPV) is similar: Intermediate probability example Figure 4a illustrates test results when there is an intermediate probability of disease. The sensitivity and specificity are moderate at 80% each. Still in this situation, positives are predominately TPs. While the prior probability of disease is 50%, a positive test result is expected in 50 persons and 40 of these will be TP. The PPV in this situation is 80% (40/50)100%). This helps the clinician by shifting a patient from the intermediate to the high likelihood category. Figure 4b demonstrates a common problem occurring when the test specificity is poor: a high number of FP results lead to a low PPV. In the example, the pretest probability of disease is intermediate (50%) and the sensitivity is 80%, as in the prior example. However, the specificity is only 60%. This suggests that 40% of persons without disease will have an FP (100Á60%) (5) . A positive test result in this situation reveals a PPV of only 66% (40/ 60 )100%), insufficient to shift the patient out of the intermediate probability group.
Low probability example
A common problem occurs when a clinician orders a test on a patient with a low likelihood of disease. In this case, the number of patients without disease far exceeds the number with disease. The result is a large number of FP results in healthy patients. This dilutes the total number of positive results and results in a low PPV. Figure 5a illustrates the case where the prior probability of disease is 5%. The specificity is high at 90% and for illustration, we assume 100% sensitivity. In this situation, every person with disease is captured by the test. Unfortunately, even with high specificity, there is a large number of FPs (10) due to the large number of healthy persons (95). The PPV is only 33% (5/15), illustrating that positive results are often misleading when there is a low pretest probability of disease.
A special exception to this general rule occurs when the specificity approaches 100% (Fig. 5b) . At 100% specificity, there are no FP results. Hence, every positive is a TP. The PPV will be 100% (PPV 0TP/(TP'FP))1000TP/ (TP'0))100 0100%, hence the well-known axiom that a high specificity test can be used to 'rule in' a diagnosis (6) . Keep in mind that 100% PPV does not mean that every person with disease is identified; it simply means that every positive result is a TP. High specificity tests may be useful in screening populations unlikely to have disease. However, from a perspective of high-value care, the cost, inconvenience, and harms associated with testing in a large population may outweigh the benefits even with 100% PPV. Figure 6 illustrates the situation in which the clinician is very confident that the patient has the disease. In this situation, 95% of patients have disease. Sensitivity is high at 95% and specificity is moderately high at 80%. A positive test result in this situation does not materially affect confidence. The PPV is 99% representing certainty; however, it is only 4% greater than the pretest likelihood (95%) and does not change the categorization of the patient (high likelihood of disease). Hence, subsequent management should be the same. The patient has been exposed to the risk, cost, and inconvenience of a test that does not impact care. Additionally, in the unlikely event that a negative result occurs, the patient may be exposed to additional (unnecessary) testing or delay in appropriate therapy. . This is a significant improvement over the prior (pretest) probability of 50%. (b) Poor specificity and intermediate prior probability of disease. If the test utilized has a poor specificity, then a positive test result will be difficult to interpret. Tests with poor specificity result in a large number of false positives lowering the positive predictive value. In the above case, the positive predictive value has dropped to 66% (40/60)100) compared with 80% in (a) due to a specificity of 60% (30/50)100).
High probability example
Analogous to the explanation given in 'Low Probability Example' section a test with a sensitivity of 100% will have no FN results. Hence, every negative is a TN.
The common wisdom therefore is that a test with very high sensitivity may be used to 'rule out' a diagnosis (6) . Such tests have a high NPV. (a) Distribution of test results relative to a threshold value when the prior probability of the sought after disease is low (5%). In a situation in which the prior probability of disease is low, the likelihood that a positive test result is a false positive goes up dramatically. In this case, the likelihood of disease is 5%. Despite a perfect sensitivity and a high specificity, a positive test result is twice as likely to be a false positive. (b) Special situation: specificity of 100% and low prior probability of disease. Screening for rare diseases may be effective in situations in which the screening test never has a false-positive result (100% specificity). In this situation, every positive result is a true positive and the prior likelihood of disease becomes irrelevant. However, testing large numbers of persons to identify a rare disease is inefficient and may be prohibitive in terms of cost and other harms. Fig. 6 . Distribution of test results relative to a threshold value when the prior probability of the sought after disease is high (95%). In the situation in which a prior probability is high, a test generally adds little. In this case, the prior probability is 95%. A positive test adds only 4% to the positive predictive value (90/9100.99099%). Numbers in the illustration are rounded to the closest digit.
